A frozen-core model of atomic silver is developed with the core consisting of the 1s to 4d shells. The model is validated by predictions of the electron affinity and binding energies of neutral Ag. The model predicts the existence of an electronically stable ground state of Age + with a binding energy of 0.005 512 Hartree and a spin-averaged 2γ annihilation rate of 0.598 × 10 9 s −1 . The properties of a number of other positronic atoms are studied and it is seen that there is a general tendency for the 2γ annihilation rate to decrease as the ionization potential of the parent atom increases.
Introduction
Just recently, the question of whether it is possible for positrons to bind to atoms was settled in the affirmative [1] [2] [3] . In the first instance, the stochastic variational method (SVM) [4] [5] [6] [7] and related methods were used to demonstrate that the energy of the Lie + ground state was lower than the sum of the energies for Li + and positronium ground states [1, 2] . The initial predictions of binding were subsequently confirmed by a hyperspherical calculation [3] . In addition, an explicit variational demonstration of the electronic stability of the ground state of positronic beryllium, i.e. Bee + has also been reported [8] . There is also strong evidence that positrons can bind to heavier atoms, such as Na, Mg and Cu [9] [10] [11] and rigorous evidence of binding to the metastable He 3 S e state [12] . The evidence for positron binding to Na, Mg and Cu was not rigorous since the calculations were performed with a modified SVM method which treated the behaviour of the valence particles outside a closed-shell core derived from Hartree-Fock (HF) wavefunctions.
Naturally the prediction of positron binding to copper immediately suggests that silver could also bind a positron since copper and silver have roughly the same dipole polarizabilities (around 50 a 3 0 [13, 14] ) and ionization potentials (around 7.5 eV). In this paper the fixed-core stochastic variational method (FCSVM) is used to investigate the binding of positrons to neutral silver. Binding is found to occur irrespective of whether a semi-empirical core polarization potential is added to the model Hamiltonian. In one case (no polarization potential), it is demonstrated that Age + is stable against dissociation into Ag + + Ps. In the other case (with polarization potential), Age + is stable against dissociation into Ag + e + .
Details of the model
The calculations for Age + were performed with the fixed-core stochastic variational method. This method has been used in a number of previous calculations of positron-atom and positronium-atom complexes. Since the details of this method have been described in numerous other papers [8] [9] [10] it is only necessary to give a minimal description of the fixed-core SVM.
The Hamiltonian for the positron and valence electron was
In this expression, r p is the positron coordinate, while r e is the coordinate of the valence electron. The direct interaction between the core and the active electron and positron was computed from the Ag + 1s → 4d orbitals which were taken from an HF calculation of the 4d 10 5s 2 S e ground state. The individual orbitals were represented as a linear combination of Slater-type orbitals (STO). The exchange interaction between the valence electron and the HF core was computed exactly with the only approximation being that inherent in using a basis set expansion.
The operator λP was constructed by summing over the orbitals occupied by the core electrons with
The operator acts as a projection operator to the core orbitals provided the positive constant λ is large enough [8] [9] [10] . The coefficient, λ was set to 10 6 for the present FCSVM and FCSVM pol calculations.
The dipole polarizability for the Ag + core was taken as 8.829 a 3 0 [15] . Both oneand two-body polarization potentials were included in the calculation. The polarization potentials are
and
The cut-off function is
The cut-off parameter, ρ, was fixed by fitting fixed-core Hartree-Fock calculations of the 4d 10 nl states to the experimental binding energies [16] . The value chosen for ρ was 2.05 a 0 . The quality of the fit can be seen from table 1 where the theoretical energy levels are compared with experiment. The inclusion of the polarization potential results in binding energies that are much closer to experiment.
Fixed-core SVM calculations with and without polarization potentials were performed. The fixed-core SVM calculations with and without the polarization potentials are referred to as the FCSVM pol and FCSVM models, respectively. Two minor modifications were made to the effective Hamiltonian in order to facilitate the SVM calculations [8] . The core orbitals used for the core-exchange and λP interactions were taken from an HF calculation of the 4d 10 5s ground state using the even-tempered Gaussian-type orbital (GTO) exponents of Huzinaga and Klobukowski [17] . Also, the polarization potential was constructed by approximating g(r)/r 3 with a linear combination of Gaussian functions [8] The energy for Ag − predicted by the FCSVM pol model with a 350-term wavefunction was −0.317 612 Hartree. The present FCSVM pol electron affinity of 0.037 55 Hartree underestimates the experimental electron affinity of 0.047 848 Hartree [13] by about 25%. The non-polarized FCSVM model prediction of the electron affinity (0.026 33 Hartree) is even smaller. The reasonably large discrepancy of the FCSVM pol electron affinity with experiment is due to the degradation in the accuracy of the fixed-core approximation caused by the fact that the 4d 10 core is quite weakly bound (the first 4d 9 5s 2 state occurs at 4 eV). The binding energy of the 5s electron in the fixed-core Hartree-Fock approximation is about 0.220 Hartree. However, the ionization potential for Ag is 0.278 Hartree. These two energies straddle the positronium binding energy (0.250 Hartree). Binding occurs in the FCSVM model when the total energy of the Age + system is lower than the energy of the Ag + + Ps(1s) dissociation channel, i.e. −0.250 Hartree. However, binding in the FCSVM pol model occurs when the energy of the Age + system is lower than the energy of the Ag ground state, i.e. −0.280 065 Hartree.
The Age
+ ground state
Two completely independent calculations were performed due to the distinctly different conditions for binding. Although the final basis size was 320 in each case, the nonlinear parameters defining the explicitly correlated Gaussian functions were different. The binding energies for neutral Ag, Ag − and Age + predicted by the FCSVM and FCSVM pol calculations are listed in table 2. The ground state probability densities, ρ(r), for the FCSVM and FCSVM pol models are plotted in figure 1. The electron-positron correlation function defined as
is a measure of the probability of finding the electron and positron a certain distance apart. The correlation functions plotted in figures 2-4 were normalized so that the integral over the correlation function was equal to the number of valence electrons, i.e.
The FCSVM model
The binding energy of the Age + system in the non-polarized FCSVM model was 0.003 999 Hartree. This is about 2.5 times smaller than the Cue + binding energy in the equivalent model.
Like other systems with an atomic ionization potential of less than 6.8 eV, the dominant component of the wavefunction consists of a positronium cluster orbiting the residual Ag + core. The following evidence supports this picture. The valence electron and positron probability densities shown in figure 1 are seen to merge at the largest values of r. From table 3 it is seen that both the electron and positron have mean distances far from the nucleus (7-9 a 0 ). However, the mean electron-positron distance, r ep , is only 3.9 a 0 , about 30% larger than the equivalent distance for the positronium ground state. The spin-averaged 2γ for the FCSVM wavefunction was 1.557 × 10 9 s −1 , about 75% of the annihilation rate for the ground state of Ps. However, the most dramatic evidence for the existence of the Ps cluster is the similarity of the correlation function plotted in figure 2 with the correlation function for the Ps ground state. Table 3 . Age + binding energies (in Hartree), the total spin-averaged 2γ annihilation rates (in s −1 ) and the spin-averaged 2γ annihilation rates with the core electrons (in s −1 ). The mean positron-nucleus distance r p , the mean electron-nucleus distance r e and the mean electronpositron distance r ep (all in a 0 ) for the Age + ground state do not take into consideration the contribution from the core electrons. 
The FCSVM pol model
The FCSVM pol ground state for Age + with a binding energy of 0.005 512 Hartree was very similar to the FCSVM pol ground state for Cue + . The wavefunction is best described as a positron orbiting a polarized Ag atom. The probability densities plotted in figure 1 and the comparison of r e and r p in table 3 reveal that the electron is located much closer to the nucleus than the positron. Furthermore, the mean electron-positron distance is 7.3 a 0 . The spin-averaged 2γ annihilation rate of 0.596 × 10 9 s −1 was almost the same as that predicted for Cue + . The contribution to this annihilation rate from the closed 1s-3d shells was 0.043 × 10 9 s −1 . The annihilation rates for the singlet and triplet decays are 2.26 × 10 9 and 0.043 × 10 9 s −1 , respectively. The triplet decay rate could be modified by a 3γ decay which would be expected to be somewhat smaller than 0.0071 × 10 9 s −1 (the 3γ rate for the Ps ground state) due to the increased distance between the positron and the electron. However, the shape of the correlation function and the annihilation rate of 0.598 × 10 9 s −1 does suggest that the Ps cluster does constitute a significant fraction of the wavefunction (e.g. 25%).
General trends
The silver atom represents the seventh atom (or metastable atom) in the present series of calculations for which a prediction of positron binding has been indicated. It is now possible to examine the results as a whole to place the present results in context as well as to search for any general trends. During the course of the present series of calculations it has become increasingly apparent that the ionization potential of the parent atom (i.e. the binding energy of the most weakly bound electron) is of crucial importance in determining the structure of the positronic atoms.
In table 4, the ionization potential (IP) of the parent atom, the positron binding energy, the annihilation rate and the mean positron-nucleus distance for a number of positronic atoms are presented. Figure 3 shows the correlation functions for all the wavefunctions computed using FCSVM pol -type models, and figure 4 shows correlation functions computed with FCSVM model wavefunctions.
It is clear from table 4 that there is a tendency for the 2γ annihilation rate to increase as the atomic IP decreases. The 2γ rate provides a useful estimate of the component of the wavefunction present as a PsA + configuration. The wavefunction for these positron-atom states can be written schematically as a linear combination of two terms,
The first term, (A) φ(r p ), represents a positron attached to the neutral atom core, while the second term, A + ω Ps (R), represents a positronium atom orbiting a residual positively charged core. Assuming the annihilation rate arising from the first term is small, the spinaveraged annihilation rate will be 2γ ≈ 2.0 × 10 9 β 2 s −1 .
The increase in 2γ as the atomic IP decreases implies that a tug-of-war situation seems to exist between the residual ion core and the positron to attach the most weakly bound electron. An electron with a large atomic IP is most strongly attracted to the core and is less likely to be found in a Ps cluster. The atom with the largest atomic IP, Bee + , has the smallest 2γ annihilation rate with an implied β ≈ 0.45. The Bee + correlation function also has the largest discrepancies with the Ps correlation function, although there is evidence for a Ps cluster in the faint shoulder of the correlation function near 3.0 a 0 . An electron with an atomic IP of less than 0.250 Hartree is more likely to be attached to the positron and form a Ps cluster. The sodium atom with an atomic IP of 0.188 Hartree has a 2γ annihilation rate of 1.9 × 10 9 s −1 which implies β ≈ 0.98. The A + ω Ps (R) configuration dominates the wavefunction. Confirmation of this identification is provided by the plots of the correlation functions ( figures 3 and 4) . The correlation function for Nae + (and He 3 S e e + ) is almost identical to the correlation function for the Ps ground state.
The correlation functions also give direct evidence for the presence of the A + ω Ps (R) configuration in the ground state wavefunction. If we omit the two-electron atoms, Be and Mg, from consideration, we see that the correlation functions look increasingly like the Ps correlation function as the IP of the parent atom decreases. An exact correlation between the atomic IP and 2γ is not expected due to differences in the atomic structure of the parent atoms. However, it is worth noting that for any individual one-electron atom 2γ is always smaller for the FCSVM pol model which always gives a larger atomic IP.
It is also worth noting that 2γ was bigger than 1.0 × 1.23 × 10 9 s −1 . The Cue + FCSVM wavefunction was close to being an equal mixture of the two different types of configurations. Table 4 also sheds light on the physics of positron binding for systems that have an IP of less than 0.250 Hartree. The binding energy of these systems is plotted as a function of (0.25 − IP) Hartree for all these species in figure 5 . The binding energies show a tendency to increase as the atomic IP increases towards 0.25 Hartree. The points shown in figure 5 provide an empirical explanation of the failure of Ke + to form a bound state. Our original thought on the matter was that the failure to bind was a consequence of the Pauli principle. The additional restrictions placed on the electron part of the total wavefunction as the number of core orbitals increased were thought to prevent binding. However, this hypothesis was invalidated by the large binding energy for Cue + in the FCSVM model. The potassium IP of 0.160 Hartree is smaller than the IP of any of these other systems for which positron binding occurs. Therefore the failure of potassium to bind a positron is not that surprising. We note in passing that the addition of an attractive short-range potential to the potassium electron-core interaction leads to Ke + binding when the IP of the modified K parent exceeds 0.175 Hartree.
At the present time we do not advance an explanation for the connection between the atomic IP and the positron binding energy other than to state that the mixing between the two classes of configurations listed in equation (8) is probably a contributing factor.
Discussion and conclusions
Two calculations which differ only in their treatment of the core polarization interaction have provided convincing evidence for the existence of an electronically stable ground state for positronic silver. The structure and properties of the Age + systems show obvious similarities with our previous predictions for Cue + . However, it must be recalled that these predictions are only as good as the underlying model. A frozen-core model for the inner 46 electrons was adopted to make the calculations tractable. While the frozen-core model for silver has inherently larger uncertainties than a frozen-core model for sodium, previous analyses of the 4d 10 nl spectrum for silver indicated that such a model is capable of generating realistic results [18, 19] .
The FCSVM pol model predicts that the Age + species is dominated by a configuration best described as a positron bound to the polarized core. However, the shape of the correlation function and the annihilation rate of 0.598 × 10 9 s −1 does suggest that a significant fraction of the wavefunction (e.g. 25%) consists of a positronium cluster outside the 4d 10 core. The FSCVM model, on the other hand, is dominated by a configuration consisting of a positronium cluster orbiting the Ag + core. The ionization potential of the parent atom has been seen to be of crucial importance in determining the structure of the positron-atom bound state. The PsA + configuration is the dominant configuration in the wavefunction when the atomic IP is less than 0.250 Hartree. When the atomic IP is greater than 0.250 Hartree the dominant configuration is a positron orbiting the polarized core of the parent atom.
